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Abstract New protein function is thought to evolve mostly by
gene duplication and divergence. Here we present phylogenetic
evidence that the multifunctional protein Fis of the Q proteo-
bacterial species derived from the COOH-terminal domain of an
ancestral K proteobacterial NtrC transcriptional regulatory
protein. All of the known enterobacterial fis genes are preceded
by an open reading frame, named yhdG, that is highly similar to
nifR3, a gene that forms an operon with ntrC in several K
proteobacterial species. Thus, we propose that yhdG and fis were
acquired by a lineage ancestral to the Q proteobacteria in a single
horizontal gene transfer event, and later diverged to their present
functions.
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1. Introduction
The lateral transfer of genes is a major force driving the
evolution of microorganisms, facilitating dissemination of
genes and allowing for the evolution of new functions to oc-
cur. There is ample evidence that bacterial chromosomes con-
tain DNA regions inherited by horizontal gene transfer [1,2].
Several attempts have been made to quantify the amount of
horizontally transferred genes into Escherichia coli. Estimates
range from 6% to 16% ([3], reviewed in [4]). Recently, Law-
rence and Ochman [4], using codon usage patterns, calculated
that at least 15% of the genes of this bacteria have been in-
herited in the recent past only from species departing from the
GC content and the typical codon usage of E. coli. The same
authors estimated that at least 10% of the Salmonella enterica
serotype Thyphimurium genes arose through horizontal trans-
fer [5]. In spite of this large proportion the origin of the
laterally inherited genes has been di⁄cult to trace back [1,6,7].
Fis (factor for inversion stimulation) is a multifunctional
protein involved in many site-speci¢c recombination events,
regulation of gene expression and oriC-directed initiation of
chromosomal replication (reviewed in [8]). This protein was
¢rst identi¢ed in E. coli as a cellular factor required to stim-
ulate DNA inversions catalyzed by the site-speci¢c recombi-
nases Hin, which controls £agellar phase variations in S. en-
terica serotype Thyphimurium [9] and Gin, which controls tail
¢ber expression in bacteriophage Mu [10]. Fis also stimulates
lambda phage integration and excision [11] and transposition
by Tn5 and IS50 [12]. Additionally, by binding to oriC, Fis
in£uences replication of the E. coli chromosome [13,14].
All the above processes involve higher-order nucleoprotein
complexes. Fis is a 98 amino acids long, K helical, basic,
dimeric protein that binds to highly degenerated DNA sites
[8,15,16]. Upon binding Fis induces a bend in the DNA [8].
However, not all the known functions of Fis are related to
specialized DNA recombination and DNA replication. Fis is
also a transcriptional activator of components of the transla-
tional machinery, including rRNA and tRNA genes. Re-
cently, GonzaŁlez-Gil et al. [17] reported that Fis is also in-
volved in sugar and nucleotide metabolism in E. coli. Osuna et
al. [18] have proposed that these functions may o¡er compet-
itive advantage to the cell.
In spite of the central role that Fis plays in the expression
of ribosomal and transfer RNA, to date ¢s has only been
identi¢ed in a few species belonging to the Q proteobacteria
branch of the Eubacteria. ¢s forms an operon with yhdG, a
gene of unknown function, and they are not present in any of
the completely sequenced bacterial genomes other than those
of the Q proteobacterial E. coli and Haemophilus in£uenzae
species.
Sequence analysis revealed that Fis has signi¢cant similarity
to NtrC, a protein that belongs to the enhancer-binding pro-
tein (EBP) family of transcriptional regulatory proteins
[19,20]. Here we present phylogenetic evidence showing that
Fis originated from the COOH-terminal domain of an ances-
tral K proteobacterial NtrC and acquired by lateral transfer,
together with yhdG, by a lineage ancestral to the Pasteurela-
ceae and Enterobacteriaceae.
2. Materials and methods
2.1. Sequence analysis
A multiple amino acid sequence alignment of the known Fis and
the carboxy-terminal domain of several NtrC proteins was produced
using the multiple sequence alignment program ClustalW [34]. Pro-
teins from S. enterica and Klebsiella pneumoniae were not included
because they are 100% identical to the E. coli protein. The alignment
was manually re¢ned at positions were clear misalignments were pro-
duced by the algorithm. When annotated, protein sequences are la-
beled by their SwissProt name. Other proteins are: Rhodospirillum
rubrum NtrC, named here NTRC_RHORU (EMBL: G927310),
Agrobacterium tumefaciens NtrC (NTRC_AGRTU; EMBL:
G142244), Rhodobacter sphaeroides NtrC (NTRC_RHOSP; EMBL:
G468815), Thiobacillus ferrooxidans NtrC (NTRC_THIFE; EMBL:
G310877), Erwinia carotovora Fis (FIS_ERWCA; EMBL: G2773326)
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Proteus vulgaris Fis (FIS_PROVU; EMBL: G2773316), Pasteurella
haemolytica FIS (FIS_PASHA; EMBL: G2731435), and Serratia
marcescens FIS (FIS_SERMA; EMBL: G2773310).
The proteins with the greatest similarity to YhdG and NifR3 were
obtained by PSI_BLAST searches [29]. A multiple amino acid se-
quence alignment of 29 proteins was generated with ClustalW and
manually re¢ned at positions were ambiguity was observed. Proteins
not annotated in SwissProt are: K. pneumoniae YhdG, named here
YHDG_KLEPN (EMBL: AF040380), S. marcescens YhdG (YHD-
G_SERMA; EMBL: AF040378), E. carotovora YhdG (YHDG_ER-
WCA; EMBL: AF040381), P. vulgaris YhdG (YHDG_PROVU;
EMBL: AF040379), Borrelia burgdorferi YhdG (YHDG_BORBU;
Genebank: AE001133), Mycobacterium tuberculosis YntB (YNTB_M-
YCTU; EMBL: G2916881), and Ralstonia eutropha ORF2 (OR-
F2_RALEU; EMBL: G3046395).
2.2. Phylogenetic analyses
Parsimony- and distance-based phylogenies were reconstructed us-
ing the J. Felsenstein’s PHYLIP package, version 3.5, for UNIX (J.
Felsenstein, 1993, Department of Genetics, University of Washington,
Seattle, USA, distributed by the author). The Fis/NtrC and YhdG/
NifR3 multiple sequence alignments were subjected to bootstrapping
resampling (100 times), using the program SEQBOOT. Parsimony-
based phylogenies of the resampled alignments were estimated using
the PROTPARS program. Genetic distances of the resampled align-
ments were calculated with the program PROTDIST, and trees con-
structed with the FITCH program. Consensus trees were calculated
using the program CONSENSE. For tree representation and edition
the program TreeView 1.5 (Page, R., University of Glasgow, UK) was
used on a Macintosh computer.
3. Results and discussion
3.1. Phylogenetic relationship of Fis and NtrC
A multiple sequence alignment of the known Fis and the
COOH-terminal domain of NtrC proteins is shown in Fig. 1.
NtrC belongs to the large EBP family of regulatory proteins
that activate transcription from promoters recognized by the
c54-holoenzyme form of the RNA polymerase. These proteins
are generally composed of three structurally and functionally
di¡erent domains. The NH2-terminal domain of NtrC is a
response regulator domain of the two component family of
the sensor-transduction regulatory proteins. The central do-
main is common to the whole EBP family and has the tran-
scriptional activation functions, whereas the COOH-terminal
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Fig. 1. Multiple sequence alignment of Fis and the COOH-terminal domain of NtrC. The positions exclusively conserved between Fis and the
K or the Q proteobacterial NtrC proteins are in bold. The K proteobacterial NtrC protein names are in italics. Positions conserved in more
than 75% of the sequences are in uppercase. When available, SWISS-PROT codes were used to identify the proteins (see Section 2 for the se-
quence data bank entry and the de¢nition of the sequence names for the rest of the protein sequences). The multiple sequence alignment was
generated using the multiple sequence analysis package CLUSTALW [34] and manually re¢ned. The carboxy-terminal domain sequences of the
enhancer-binding proteins AcoR of Clostridium magnum and FlbD of Caulobacter crescentus, that were used to root the phylogenetic tree of
Fig. 2, are also shown.
Fig. 2. Consensus phylogenetic tree of Fis and the COOH-terminal
domain of NtrC. The multiple sequence alignment of Fig. 1 was re-
sampled 100 times using the bootstrapping program SEQBOOT of
the PHYLIP package (see Section 2), and the most parsimonious
trees for each sample obtained using the program PROTPARS [34].
The consensus tree shown was generated using the program CON-
SENSE of the same package. The carboxy-terminal domain sequen-
ces of the enhancer-binding proteins AcoR of Clostridium magnum
and FlbD of Caulobacter crescentus were used to root the tree. The
Fis proteins clustered with the K proteobacterial (marked alpha)
subset of the NtrC proteins apart from the Q proteobacterial
(marked gamma) NtrC proteins.
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Fig. 3. Multiple sequence alignment of NifR3, YhdG and the proteins that showed the highest similarity to them in PSI-BLAST searches [29].
Positions conserved in more than 75% of the sequences are in uppercase. When available, SWISS-PROT codes were used to identify the pro-
teins (see Section 2 for the sequence data bank entry and the de¢nition of the sequence names for the rest of the protein sequences). The multi-
ple sequence alignment was generated using the multiple sequence analysis package CLUSTALW [34] and manually re¢ned.
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domain, of about one hundred amino acids long, has a spe-
ci¢c DNA-binding function (reviewed in [21]).
From the alignment it is evident that Fis shares signi¢cant
sequence identity with the COOH-terminal domain of NtrC,
but particularly with the K proteobacterial proteins (the
names of these proteins are in italics in Fig. 1). Of the 98
amino acids of Fis, 16 are exclusively in common with this
subset of the NtrC proteins. In contrast only seven positions
are uniquely shared with the Q proteobacterial NtrC proteins.
On average the Fis proteins are 40% identical to the K pro-
teobacterial sequences, contrasting to 27% with the Q proteo-
bacterial NtrC proteins. In the reported structure of Fis the
NH2-terminal region was not well resolved, apparently be-
cause the ¢rst 26 amino acids were disordered in the crystals
[15]. Interestingly, this region of Fis showed the least similar-
ity to NtrC. If this part of the protein is not taken into ac-
count the average identity of Fis with the COOH-terminal
domain of the K and Q proteobacterial NtrC proteins increases
to 50% and 33%, respectively.
To estimate the evolutionary relationship of the Fis and the
NtrC proteins we carried out parsimony- and distance-based
phylogenetic analyses. A parsimony-based tree is shown in
Fig. 2. As expected from the alignment, Fis and the K pro-
teobacterial subset of the NtrC proteins clustered together and
apart from the Q proteobacterial NtrC proteins. The Clostri-
dium magnum AcoR and the Caulobacter crescentus FlbD
proteins were used to root the tree. A similar tree topology
was obtained by genetic distance analysis (data not shown).
We have previously analyzed the evolutionary relationships
of the EBPs [21]. From these analyses we concluded that the
NtrC proteins are a monophyletic group, and the trees pro-
duced by these proteins agreed with the organismal phyloge-
ny. Thus, it is clear that Fis originated from an ancestral K
proteobacterial NtrC protein and it was acquired by a lineage
ancestral to the Enterobacteriaceae and Pasteurellaceae Q pro-
teobacteria by horizontal gene transfer.
3.2. Phylogenetic relationship of YhdG and NifR3
In all the bacteria in which Fis has been reported (except
for P. haemolytica, where the sequence upstream of ¢s is not
known) it forms part of an operon with an Orf of unknown
function, denominated yhdG in E. coli [18,22^24]. YhdG be-
longs to family 34 of uncharacterized proteins [25]. Sequence
analysis suggests that it has a TIM barrel structure with typ-
ical phosphate-binding site and it is likely to be an oxydo-
reductase, distantly related to PyrD, Smm1 and His4 ([25]; see
also Fig. 3). yhdG is highly similar to NifR3, a gene located
upstream of and cotranscribed with ntrC in Rhodobacter cap-
sulatus [26], Rhizobium etli [27], and Azospirillum brasilence
[28] (Fig. 3). Fig. 4 shows a parsimony-based tree of the
known Q proteobacterial YhdG proteins and the proteins
that showed the greatest sequence similarity to them in PSI-
BLAST searches [29]. It is remarkable that the NifR3 proteins
are the closest relatives to YhdG (Fig. 4). Thus, it is likely that
yhdG and ¢s were acquired by an ancestor of the Q proteo-
bacterial species by a single gene transfer in event (see below).
3.3. Amelioration of ¢s and yhdG sequences
Recent horizontally transferred genes can readily be de-
tected by their unusual GC content and atypical codon usage.
However, genes acquired in the distant past gradually adjust
to the host GC and codon usage by mutational biases in a
process termed amelioration [4,5]. Nucleotide sequence anal-
ysis of yhdG and ¢s of E. coli did not reveal any signi¢cant
codon position GC content variation with the average chro-
mosome, suggesting that these genes have completely amelio-
rated since their introgression into the Q proteobacterial spe-
cies (data not shown). The fact that yhdG and ¢s genes are
present in H. in£uenzae, a member of the Pasteurellaceae
branch of the Q proteobacteria, indicates that the gene transfer
event occurred before the split of this taxon from the Entero-
bacteriaceae. Assuming a divergence time of about 100^160
Mya for the closely related E. coli and S. enterica species [30],
the split of Pasteurellaceae from Enterobacteriaceae must have
occurred long before. This result is in agreement with Ochman
and Lawrence’s [5] calculation that an horizontally transferred
sequence will completely ameliorate in a maximum 400 My.
3.4. Model for the transfer of yhdG-¢s
Fig. 5 shows the genetic organization of the yhdG-¢s and
nifR3-ntrBC operons in Q and K proteobacterial species respec-
tively. Due to the sequence similarity of YhdG and Fis with
NifR3 and the COOH-terminal domain on NtrC, respectively,
it is likely that the former genes originated from the latter and
were acquired by the Q proteobacterial species by horizontal
gene transfer, as discussed above. There are not only struc-
tural but also some functional similarities of NtrC and Fis.
Both proteins bind to enhancer sites that function in a posi-
tion-independent manner and form high-order nucleoprotein
complexes, although to promote quite di¡erent processes and
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Fig. 4. Consensus parsimony phylogenetic tree of the YhdG and
Nifr3 homologue proteins. The multiple sequence alignment of Fig.
3 was utilized for the phylogenetic reconstruction as in Fig. 2. Note
that YhdG and NifR3 clustered together.
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interacting with unrelated proteins [31,32]. Since Fis is in-
volved in phage insertion and excision and in transposition
it is tempting to speculate that the COOH-terminal domain of
NtrC was ¢rst recruited by a phage, a transposon or an in-
sertion sequence, perhaps by allowing the formation of a more
e⁄cient nucleoprotein complex required either for insertional
recombination and for DNA replication. Subsequently from
one of these vectors yhdG and ¢s were transferred to an an-
cestral Q proteobacterial host.
A recent analysis indicates that gene order and even operon
structure is rarely conserved in species as distant as K and Q
proteobacteria, unless their products physically interact with
each other [33]. The linkage of the yhdG and ¢s genes suggests
that their products may interact with each other to carry out
an as yet unknown function.
From the phylogenetic analysis shown above it is clear that
Fis is a relatively recent gene of the Q proteobacterial species.
It is remarkable that it became involved in so many bacterial
processes in a rather short evolutionary time. The relaxed
speci¢city for DNA recognition [16] could have allowed Fis
to interact with many di¡erent sites to allow transcriptional
activation and to enhance recombination.
3.5. Conclusions
From our phylogenetic analysis of Fis and YhdG we con-
clude that these genes were acquired by a lineage ancestral to
the present day Q proteobacterial species from the nifR3-ntrBC
operon of an ancestral K proteobacterial lineage by horizontal
gene transfer. Fis has evolved to be a highly versatile protein
involved in many physiological processes. Thus, this is a clear
case of a gene with a new function whose origin can be traced
back to a single domain of another protein.
There are multiple reports of horizontally inherited genes in
bacteria [1,6]. However, only in a few cases related to the
transfer of drug resistance genes or pathogenicity islands be-
tween closely related group of strains, the original donor or-
ganism or gene have been identi¢ed [1,7]. Having complete
genome sequence information and using sensitive sequence
analysis and phylogenetic tools, the origin of gene function
in bacteria can be traced to enhance the understanding of
evolution and speciation.
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Fig. 5. Genetic organization of the yhdG-¢s and nifR3-ntrBC oper-
ons of Q and K proteobacterial species respectively. Homologous se-
quences (yhdG with nifR3, and ¢s with the COOH-terminal domain
of ntrC) are joined by dashed lines.
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